Abstract-The integration of conventional CMOS device with biological systems has the potential to revolutionise the way that sensing devices are perceived. As semiconductor devices shrink towards the scale of biological macro-molecules, it becomes realistic to suppose that a direct connection can be made between the proteins which govern the majority of biological functions and CMOS semiconductors. The ability to monitor the behaviour of biological systems in vivo, in real time or to be able to monitor single molecule interactions, will be of massive benefit to the medical and pharmaceutical industries in the search for future drugs and therapies.
I. INTRODUCTION
The ITRS [1] (International Roadmap for Semiconductors) predicts that the size of commercially available semiconductor devices will have reached sub10nm dimensions in the next 10-15 years, by which point they will be on a comparable scale to many biological macro-molecules such as ion channels. As figure 1 illustrates, the relative scale of a typical ion channel transmembrane segment is identical to a 4nm double gate MOSFET which has already been demonstrated as a completely functional device [2] .
The class of membrane proteins known as Ion channels are large complex molecules which inhabit
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The Authors would like to thank out collaborators in the Sansom Group at the University of Oxford for supplying us with the open pore conformation of Kcsa, without which this work would not have been possible. the membranes of all living cells and posses a wide range of properties [3] . Ion channels are capable of selecting specific species of ions with amazing efficiency, they can have complex conduction characteristics performing, for example rectification, and in vivo they act in concert as highly effective amplifiers in the nervous system. Currently a large percentage of all pharmaceuticals (~60% ) target ion channels either directly or indirectly and this percentage is expected to increase [4] . Channels are responsible for a dizzying array of functions in the body and their failure can cause serious problems [5] . Yet remarkably little is known about the mechanisms by which these molecules perform their biologically important functions. [3] .
Before the design of real integrated Bio-NanoDevices is possible we must first understand the mechanisms through which biological macromolecules interact with an individual semiconductor device. In this paper, we demonstrate one possible method whereby a simple protein channel may be integrated with an individual MOSFET which can be used as a single ion sensor allowing the detection of not only channel current but the positions of the permeating ions.
II. CONTINUUM SIMULATION Continuum simulation methodologies have been successfully used for some time now [6] , [7] , [8] , to replicate the gross conduction properties of ionic channels. In previously published work we have demonstrated that simple models of ion channels can be used to understand some of the conducting behaviour of channel proteins [9] .
Using the commercial semiconductor simulation package Taurus [10] , we have simulated a model of the device shown in figure 1. In this case the sensing device is a 4nm channel length shallow trench isolated double-gate device. The sensitivity of these devices to single charges has been demonstrated [11] and it is precisely this property that makes these transistors a good choice in Bio-Nano systems. Figure 2a shows the structure of the double-gate MOSFET. This device has a 2nm ultrathin body and the channel length and width are 4nm and 10 nm respectively. Source and drain regions are doped at 2 × 10 21 cm −3 to provide low access resistance, midgap metal gates with a workfunction of 4.5eV are used to adjust the threshold voltage to ∼ 0.3V . For simplicity we have performed the simulations with constant mobility although work is under way to incorporate a more realistic transport model. The In order to model the interaction of the device with the biological materials we must modify the structure of the MOSFET. As a starting point we simulated the effect of removing the top gate from the MOSFET and replacing it with vacuum. As expected this results in a degradation of the subthreshold slope is degraded as illustrated in figure 3. The next stage is to modify the physical parameters of pre-defined materials, in Taurus, to provide homologue's of their biological counterparts, as shown in Table I . All other simulation regions use the standard values for semiconductor materials specified in Taurus.
A. Nano-Bio-Transistor Structure
The structural changes (shown in figure 2b ) result in significant degradation of the electrostatic integrity and gating efficiency of the device (see figure  3 ) but still it retains sufficient sensitivity for our purposes.
B. Device Response to Single Charges
Single charges are modelled by using the surface charge model available in Taurus to create a localised static charge in a hole in the membrane representing the pore. As can be seen in Figure 4 the MOSFET responds to the position of the single charge with a change in drain current on the order of hundreds of nA, which is well above the expected noise background. Note that the non-linearity in the response due to screening from the heavy doping at the top of the pore indicates that this device would perform best at very low ionic concentrations where screening would be minimised.
We have demonstrated that a single ion NanoBio device is a theoretical possibility. However, the conduction of ions is an inherently 'atomistic' process and in order to model effects such as single filing and the impact of protein structure we must move away from continuum simulation to particle based transport methods if we are to realistically model the behaviour of this device.
III. ATOMISTIC SIMULATION
We have developed an efficient particle simulation method, capable of resolving individual ionic conduction events with picosecond resolution over biologically relevant time scales. By using a Brownian formalism, self-consistently coupled to the solution of the Poisson equation we have already demonstrated that we can model the conduction and behaviour of ions on biologically relevant timescales (µs) [12] , [6] , [13] .
Simulation studies of membrane pores have, for a long time been hampered by the lack of detailed atomic resolution structures for ionic channels. However with the recent determination of an open state structure for Kcsa [14] , [15] , it is now possible to simulate the behaviour of ions in this pore with a reasonable degree of accuracy.
In the simulations we represent the structure of the protein by using the radii of the atoms to map the structure onto a rectilinear mesh on which the Poisson Equation can be solved using standard finite difference techniques. Particle protein physical interaction are modelled as hard sphere reflection with the planes of the volume occupied by the protein and lipid in the mesh. Figure 5 shows the results of equilibrium simulations of Kcsa using the self-consistent Brownian methodology. Both Potassium and Chlorine ions are present as mobile charge carriers. For quite some time the effect of choosing a single dielectric for a protein molecule has been debatable, since it is difficult, or sometimes impossible to accurately determine a single dielectric constant for such large molecules. However, as figure 5 shows, a radical change in the dielectric constant of the protein regions makes a very small difference in the time averaged occupancy of sites in the protein. This is due to the fact that the long range electric field is primarily determined by the low dielectric constant of the lipid region when compared to the high dielectric constant of the ionic baths. In addition, the high numbers of fixed charges (12 Carbonyl Oxygens with charge ∼ −0.3e ) in close proximity to each other in the pore region means that short range electrostatic interactions are the dominant factor in determining the ion occupancy of the pore. Also note that the Chlorine occupancy is extremely low, indicating that we are also capturing in the simulation the selectivity Kcsa protein. Kcsa is known to select cations over anions by a factor of over 1000. It is extremely difficult to to estimate quantitatively the selectivity ratio in simulations, but it is encouraging that we qualitatively similar behaviour.
Another feature of Kcsa's conduction behaviour is the rectifying properties of the channel. Figure  6 shows the time averaged charge density in Kcsa under forward (200mV) and reverse (-200mV) applied bias. It appears from these simulation results that the rectifying behaviour of Kcsa is caused by the reduced occupancy of the region between the lumen and selectivity filter of the molecule. This is understandable, bearing in mind, that the ionic transport in the pore region is a single file conduction process since the ions occupying the pore region are held strongly by the charged carbonyl groups lining the pore. As figure 7 shows we can replicate qualitatively current voltage characteristics of Kcsa. Despite the fact that the current magnitude is currently higher by a factor of approximately 3, the overall shape of the curve is in good agreement with experiment [16] . The need for linear scaling of the current indicates that the inclusion of more complex models of ionic behaviour including VanDer Waals interactions, finite size ions etc is necessary. However, it is likely that the simple model is capturing the major processes which control the interaction of the ions with the protein. This is reinforced by the fact that the time averaged charge densities are in good agreement with data recently obtained from NMR studies of Kcsa [4] .
IV. CONCLUSIONS
We demonstrated that it is at least theoretically possible that biological macro-molecules such as ion channels may be integrated with advanced semiconductor devices in such a way that a nanoscale solid state/biological system can be formed. In addition, our continuing simulation efforts are providing insight into how charged carriers interact with proteins which will be necessary in order to realise this theoretical device design.
